Klotho gene mutant mice (klotho mice, also called kl/kl) exhibit osteopetrosis in the metaphysis of femora and tibiae and die within 3 months. We previously showed by semiquantitative RT-PCR that osteoprotegerin (opg) expression levels in klotho mice were about 2-fold higher than those in wild-type mice in the bone marrow, spleen, and lung. To examine whether the high osteoprotegerin expression levels account for the osteopetrotic phenotype in the klotho homozygous mutant mice in vivo, we made double mutant mice by crossing klotho mutant and osteoprotegerin-deficient mice. Micro computed tomography analysis in the twodimensional sagittal planes of the metaphyses and crosssections of femoral midshaft revealed that the abnormally high fractional trabecular bone volume in klotho homozygous mice (kl/kl; 29.71%), which was about 4-fold higher K LOTHO MUTANT MICE exhibit emphysema, nerve degeneration, skin atrophy, and ectopic calcification and die within 3 months (1). These mice exhibit osteopetrosis in the metaphysis of femora and tibiae 4 wk after birth (1-4). We previously showed that bone resorption is impaired in the klotho mutant mice, although bone formation was normal using a bone marrow ablation model (5). About 2-fold higher osteoprotegerin (opg) expression levels were observed in klotho mice compared with wild type on the basis of semiquantitative RT-PCR analysis using RNAs obtained from bone marrow, spleen, and lung (5). Serum osteoprotegerin levels in klotho mutant mice were also reported to be three times higher than those in wild-type mice (3). These observations suggest that klotho gene product would regulate bone resorption via modulating the expression levels of opg gene.
K
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Osteoprotegerin is one of the TNF receptor family members (6 -10) . Osteoprotegerin expression levels are enhanced by IL-1, TNF-␣, estrogen, IL-11, and leptin, whereas they are suppressed by basic fibroblast growth factor and vitamin D 3 (11) (12) (13) (14) (15) . Osteoprotegerin gene expression levels are also altered by aging (16, 17) ; osteoprotegerin knockout mice show osteopenia in both cancellous and cortical bone (18, 19) , revealing that this molecule plays a critical role in bone metabolism. Osteoprotegerin gene heterozygous mutant mice exhibit moderate loss in bone density compared with that of wild-type mice, suggesting the presence of gene dosage effect.
To examine whether osteoprotegerin is involved in the osteopetrotic phenotype in the klotho homozygous mutant mice in vivo, we made double knockout mice having mutations in both klotho and osteoprotegerin gene loci.
Materials and Methods Animals
Double knockout mice harboring mutations in both klotho and opg gene loci were obtained by intercrossing between heterozygous klotho mutant mice and heterozygous opg knockout mice. F1 heterozygous mutant mice with mutations in both of the two gene loci were obtained by mating between klotho (ϩ/kl) females and opg (ϩ/Ϫ) male. The klotho (ϩ/kl) opg (ϩ/Ϫ) mice were selected on the basis of genotyping and were maintained and mated to obtain F2 offspring used in this study. Klotho mutant mice were C3H background, and opg knockout mice were C57BL/6(B6) background. Therefore, the double mutant mice were on the mixed background. Littermates were used to minimize the impact of the background strains.
Micro-computed tomography (CT) analyses
Micro CT apparatus was used to estimate the trabecular bone volume levels as described previously (5) . For measurements, left femora of 7-to 11-wk-old mice were used. For micro CT analysis, we used Musashi system (model MXCP-C80, NS-ELEX, Tokyo, Japan). Micro focus spot size of this apparatus was 6 ϫ 8 m. Micro CT analysis was conducted at 40 kVp and 100 A to obtain the best contrast between bone and soft Abbreviations: CT, Computed tomography; 1,25-(OH) 2 D3, 1,25-dihydroxyvitamin D3; opg, osteoprotegerin; TRAP, tartrate-resistant acid phosphotase.
tissues. The final reconstruction of the digital data was conducted by a computer attached to the machine. The reconstructed images were in 1024 ϫ 1024-pixel matrices, with the resolution approximately 11 m. Trabecular bone volume in the metaphysical region of the femora was quantified by using the Luzex-F image analyzing system (Nireco, Tokyo, Japan).
Histological analysis
Femora were fixed with 4% paraformaldehyde in PBS and were decalcified with 10% EDTA for 14 d. Then, they were dehydrated and embedded in glycol methacrylate or paraffin. Sections (3 m thick) were stained for tartrate-resistant acid phosphotase (TRAP), followed by counter-staining with hematoxylin.
Semiquantitative RT-PCR analysis
Total RNA was prepared from bone marrow using the acid guanidine phenol-chloroform-method. The RNA was subjected to reverse-transcription using Superscript (Roche Boeringer-Mannheim, Indianapolis, IN) and oligo (dT) primer. PCR primers for the cDNA amplification were designed as follows: osteoprotegerin (forward, 5Ј-TCC TGG CAC CTA CCT AAA ACA GCA-3Ј; reverse, 5Ј-CTA CAC TCT CGG CAT TCA CTT TGG-3Ј); receptor activator NFB ligand (forward, 5Ј-TCA TCT CTG TGG TAG TAG TGG CTG-3Ј; reverse, 5Ј-TTA GGA GCA GTG AAC CAG TCG AAG-3Ј); glyceraldehyde-3-phosphate dehydrogenase (forward, 5Ј-ACC ACA GTC CAT GCC ATC AC-3Ј; reverse, 5Ј-TCC ACC ACC CTG TTG CTG TA-3Ј). The PCR products were separated on a 1.6% agarose gel and stained with ethidium bromide. The intensity of the FIG. 1. Heterozygous mutation in opg gene suppressed osteopetrotic phenotype in klotho mutant mice. Two-dimensional images of the distal end of femora were obtained by micro-focus CT using bones of 7-wk-old mice.
Quantification of trabecular bone volume, the length of femora, and body weight. A, Bone volume was quantified using micro CT images of the distal end of femora. Klotho (kl/kl) opg (ϩ/Ϫ) mice exhibited similar levels of bone volume to levels in wild-type mice. B, The length of femora. C, Body weight of the mice. *, Statistically significant difference (P Ͻ 0.05).
bands was quantified using a densitometry apparatus (Velber Lumat, France).
Measurement of serum osteoprotegerin concentration by ELISA
Blood samples were centrifuged at 1500 rpm for 15 min, and serum was separated and stored at Ϫ30 C until assay. Serum samples were transferred into the ELISA-plated containing enzyme-linked monoclonal antibody raised against osteoprotegerin. After color development, absorbance at 450 nm was measured using a microplate reader (Nippon Intermed, Tokyo, Japan). 
Hematopoietic analysis using flow cytometry

Statistical analysis
All of the data were expressed as mean Ϯ sd. The difference was evaluated on the basis of ANOVA and Bonferroni correction for multiple comparisons. P values less than 0.05 were considered to be significant. 
Results
Heterozygous mutation in opg gene allele rescued osteopetrotic phenotype in the femora of klotho mice
To examine the effects of heterozygous mutation in the opg gene allele on the osteopetrotic phenotype in klotho mice, we evaluated trabecular bone in the metaphysis of femora using a micro CT apparatus (Fig. 1) . Compared with wild-type mice (Fig. 1A) , osteopetrotic changes were observed in klotho mutant mice (Fig. 1C) , as reported previously. Although trabecular bone morphology in opg (ϩ/Ϫ) mice (Fig. 1B) was similar to that in wild type (Fig. 1A) , heterozygous mutation in opg gene locus rescued osteopetrotic phenotype in kl/kl mice (Fig. 1D) .
Quantification of the bone volume indicated that trabecular bone fraction in the metaphyseal region in klotho mutant mice (29.7 Ϯ 2.8%) was about three times more than that in wild-type mice, and heterozygous mutation in opg gene locus [klotho (kl/kl) opg (ϩ/Ϫ); 8.4 Ϯ 2.6%] reduced such osteopetrosis (P Ͻ 0.05; Fig. 2A ). The length of the femora (Fig. 2B ) and body weight (Fig. 2C ) in klotho mice were less than those in the wild-type mice. In contrast to the recovery in the trabecular bone phenotype, double mutant [klotho (kl/kl) opg (ϩ/Ϫ)] mice exhibited more growth retardation than that of klotho mutant mice [(klotho (kl/kl) opg (ϩ/ϩ)].
The number of osteoclasts on the trabecular bone in the femora was reduced in klotho (kl/kl) opg (ϩ/Ϫ) mice
To obtain insight into the cellular bases for the recovery (reduction) in the bone volume in klotho (kl/kl) opg (ϩ/Ϫ) double mutant mice, we examined osteoclast features in vivo. Osteopetrosis in klotho mice was associated with reduction in osteoclast number (Fig. 3, D, I , and N, for low-, middle-, and high-power magnification photomicrographs, respectively) compared with wild-type (Fig. 3 , A, F, and K for low-, middle-, and high-power magnification photomicrographs, respectively) as we previously observed. In opg-deficient mice (Fig. 3M) , osteoclasts in the metaphyseal region were more than those in wild-type mice, as reported previously (18) . In the klotho mutant background (Fig. 3, D, E, I , J, N, and O), heterozygous mutation in opg gene locus (Fig. 3 , E, J, and O) resumed the appearance of osteoclasts on the trabecular bone compared with the bone in klotho mutant mice with normal opg gene locus (Fig. 3, D, I , and N).
Heterozygous mutations in opg gene locus suppressed elevated osteoprotegerin mRNA and protein expression levels in the bone marrow cells in klotho (kl/kl) mice
To elucidate molecular mechanisms of the reduction in the levels of osteopetrosis seen in klotho (kl/kl) mutant mice by the additional mutation in opg gene loci, we examined whether the elevated expression of osteoprotegerin mRNA and protein in klotho mice was reduced by the heterozygous mutation in the opg allele. Semiquantitative RT-PCR analysis showed that osteoprotegerin transcript levels in klotho (kl/ kl) opg (ϩ/ϩ) mice ( Fig. 4A ; P Ͻ 0.05) were about 7-fold more than those in wild-type as we reported previously (5). Heterozygous mutation in opg gene locus significantly suppressed such elevation (Fig. 4A , filled bar; P Ͻ 0.05). To address whether alterations in osteoprotegerin mRNA levels were translated into those in protein expression levels, osteoprotegerin protein concentration in serum was measured. As shown in Fig. 4B , osteoprotegerin protein levels were elevated in klotho mutant mice, and heterozygous mutation in opg locus suppressed the osteoprotegerin protein levels in the serum of klotho mice.
Heterozygous mutation in opg locus of klotho (kl/kl) mice does not resume normal B lymphopoietic development
Klotho mutant mice also exhibited B lymphocytopenia in the bone marrow (20, 21) . To examine the effect of opgheterozygous mutation on the alterations in hematopoietic cells, we analyzed the lymphocyte populations using the   FIG. 4 . Expression levels of osteoprotegerin mRNA and protein in the bone marrow cells. A, Expression levels of osteoprotegerin mRNA in the bone marrow cells from klotho (kl/kl) opg (ϩ/Ϫ) were decreased to one third that of klotho (kl/kl) opg (ϩ/ϩ) mice. Total RNA was extracted from bone marrow obtained from the femora of 4-wk-old mice and was subjected to examination by semiquantitative RT-PCR analysis. B, Serum osteoprotegerin concentration in klotho (kl/kl) opg (ϩ/Ϫ) was reduced to levels similar to those in wild-type mice. *, Statistically significant difference (P Ͻ 0.05).
cells in the bone marrow, spleen, and peripheral blood. As reported previously, klotho mutant mice showed reduction in the B cell populations (Fig. 5, the second column from the  right) . However, heterozygous mutation on opg locus did not recover such reduction in B cell population (Fig. 5, rightmost  column of panels) . Rather, there was a tendency to slightly reduce the size of B cell population by introducing the heterozygous mutation in opg locus. As control, the sizes of myeloid/erythroid cell populations were similar, regardless of the genotypes.
Discussion
We demonstrated in this study that osteopetrotic phenotype in klotho mutant mice was at least partially rescued by the heterozygous mutation in the opg gene locus. This observation was associated with the reduction in the levels of osteoprotegerin mRNA in the bone marrow. Furthermore, osteoprotegerin protein levels were enhanced by the mutation in klotho gene locus, whereas elevation of such osteoprotegerin protein levels was suppressed by the heterozy- gous mutation in the opg gene locus. These observations indicated that previously observed enhancement of opg gene expression in the klotho mutant mice could at least in part be involved in the occurrence of the osteopetrosis phenotype in these mice.
Despite the partial rescue of the osteopetrosis phenotype by heterozygous mutation in the opg locus in the klotho mutant background mice, such rescue effect was not observed in terms of the reduction in the size of the B cell population in klotho mutant mice. Similarly, other phenotypes observed in the klotho mutant mice, such as growth retardation and shortening in the longevity of life, were not affected by the presence of heterozygous mutation in the opg locus. Thus, our results show dissociation between the striking effects on bone and the lack of parallel effects on the lymphocytes. These data suggest that, depending on the specific organs, klotho gene products may play different roles in association with the tissue-specific factors. In the case of bone, klotho gene product may be upstream of the opg gene. Alternately, these two genes may normally function in parallel, and loss of one may result in a compensatory change in expression of the other.
We obtained klotho (kl/kl) opg (ϩ/Ϫ) mutant mice by intercrossing between klotho (ϩ/kl) opg (ϩ/Ϫ) female and male mice and showed that klotho (kl/kl) opg (ϩ/Ϫ) genotype suppressed the osteopetrotic phenotype in the metaphyseal region of the femora in klotho mice. Although we tried to obtain klotho mutant mice with homozygous opgdeficient background (Ϫ/Ϫ), no pups were available due to possible embryonic death or early death after birth. The reason for such observation is not known. Possibly, klotho gene product may participate in a certain signaling network operating to maintain biological systems. However, because klotho gene product has not yet been available as a protein, direct action of the klotho gene product cannot be examined at this point. In fact, how klotho protein acts in bone has yet to be elucidated. It is still possible that the bone phenotype may not be a primary effect of loss of klotho, but rather just the consequence of disrupted physiology.
Klotho mutant mice exhibit increased serum concentrations of calcium and phosphorus (22) ; however, high calcium levels could regulate serum concentrations of calcitonin and PTH of klotho mice normally. In contrast, even in the presence of the high calcium concentrations, the levels of 1,25-dihydroxyvitamin D3 [1,25-(OH) 2 D3] and the expression of 25-hydroxyvitamin D1 ␣-hydroxylase gene in klotho mice serum were significantly higher than those in wild type. Administered 1,25-(OH) 2 D3 failed to down-regulate 25-hydroxyvitamin D1 ␣-hydroxylase gene expression and to up-regulate 24-hydroxylase and vitamin D receptor genes (22) . Because 1,25-(OH) 2 D3 enhances osteoprotegerin expression, it is possible that abnormal 1,25-(OH) 2 D3 signaling pathway is involved in the elevation of osteoprotegerin levels in klotho mice.
In conclusion, high levels of osteoprotegerin expression observed in klotho mutant mice are at least in part responsible for the osteopetrotic phenotype in the cancellous bone in klotho mutant mice.
